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In Brief
Using mouse genetics, Josset, Roussel, et al. characterize the functional contribution of midbrain neurons to locomotion. Photostimulation of glutamatergic CnF neurons initiate and accelerate locomotion, whereas glutamatergic and cholinergic PPN contribute to slow-walking gaits and locomotor arrests.
INTRODUCTION
Locomotor gait results from the interplay between peripheral inputs relaying sensory afferents and supraspinal inputs descending from the brain within the spinal locomotor circuit [1] . Whereas recent advances in mouse genetics have prompted a better understanding of the neural mechanisms in the spinal interneuronal circuits pertaining to locomotion, less is known about the descending motor command from the brain. In 1966, Shik and Orlovskii discovered that electrical stimulation of a region in the posterior midbrain can induce locomotion [2, 3] . Stimulation of this functional area, also called the mesencephalic locomotor region (MLR), was found to elicit locomotion and fine-tune locomotor rhythm, just like a rheostat. Increasing stimulation of this region increases locomotor rhythm, changes the locomotor pattern, and switches gaits from a slow-walking gait to a running gait. Although this structure is well conserved throughout the phylogeny from lower vertebrates to humans [4] , there is still debate about its exact organization.
Using decerebrated preparations, the pedunculopontine nucleus (PPN) was initially identified as an anatomical correlate of the mesencephalic locomotor region based on electrical stimulations and postmortem reconstruction [5] [6] [7] . Nevertheless, the inclusion of the PPN to this functional region has been challenged since then. Indeed, stimulation within the cuneiform nucleus (CnF), a nucleus dorsal to the PPN, generates locomotion, whereas the PPN hyperpolarizes spinal motoneurons, inducing motor atonia and tonic inhibition in decerebrated animal models [8] [9] [10] [11] [12] [13] . This suggests that the CnF will be a more efficient site for evoking locomotion than the PPN.
Regarding the neurotransmitter phenotype of the mesencephalic locomotor region, both the CnF and PPN contain intermixed but separate populations of peptidergic, GABAergic, and excitatory cholinergic and glutamatergic neurons [7, [14] [15] [16] . Pharmacological studies in semi-intact lower vertebrates have shown that this functional region generates locomotion through an excitatory glutamatergic pathway [17] and boosts locomotor rhythm through an excitatory cholinergic pathway [18] . Recently, using optogenetic tools in the head-restrained mouse, it has been shown that activation of glutamatergic neurons across the midbrain, including the CnF and PPN, initiates locomotion and increases locomotor speed, thus suggesting that the glutamatergic PPN might initiate locomotion. On the other hand, photostimulation of cholinergic neurons fails to initiate locomotion but increases locomotor speed [19, 20] , which is in sharp contrast with locomotor arrests reported upon injections of cholinergic agonists in the PPN in freely behaving animals [21, 22] . Taken together, these findings raise questions about the functional contribution of these distinct neuronal populations in freely behaving animals.
With current clinical trials investigating the potential of deep brain stimulations in the midbrain of patients suffering from neurodegenerative disease or neurotraumatic spinal cord injury affecting gait, it is becoming urgent to identify and characterize the most appropriate neuronal population for improving locomotor recovery. Combining kinematic and electrophysiological recordings with discrete optogenetic manipulations in the freely behaving mouse, we investigated the distinct excitatory neuronal populations circumscribed within the midbrain region pertaining to locomotion. Our results identify the glutamatergic CnF as a locomotor center that initiates and accelerates locomotion, thus giving rise to running gaits likely involved during flight reaction, whereas the glutamatergic PPN would regulate slow-walking gaits and the cholinergic PPN would modulate locomotor speed, likely involved during exploratory behavior. Some of this work was previously published in abstract form [23] .
RESULTS
The mesencephalic locomotor center is a functional region defined by its capacity to initiate and maintain locomotion upon electrical or pharmacological activation [24] . However, little is known about its anatomical correlates, its neurotransmitter phenotype, and its topography. Given the identification of potentially two distinct anatomical correlates within this region-the CnF and the PPN-and two excitatory neurotransmitters-glutamatergic and cholinergic-we assessed the functional contribution of these neuronal populations to motor control by using optogenetic tools accessible in the mouse. Channelrhodopsin-2 (ChR2) was conditionally expressed in either glutamatergic or cholinergic neurons by cre-lox recombination in regions of interest using viral transfection or crossing transgenic mice ( Figures  1A and 1B) . Crossed transgenic mice gave us the opportunity to study a recruitment of neuronal tissues, similar to electrical stimulations with a restriction to a specific neurotransmitter phenotype, either glutamatergic or cholinergic. Probe locations for both mouse models and the extent of cre-lox recombination for virally transfected mice were confirmed histologically on postmortem tissue ( Figure 1A ; Figure S1A for virally transfected mice and 1B for crossed transgenic ones). As illustrated in Figure 1A , we used anatomical landmarks, such as the periaqueductal gray, the inferior colliculus, the lateral lemniscus, the superior cerebellar peduncle, and cholinergic staining [25] [26] [27] , to identify the glutamatergic CnF and PPN and the cholinergic PPN.
Glutamatergic (VGluT2) or cholinergic (ChAT) neurons were photostimulated upon blue laser illumination (wavelength = 473 nm) delivered through an optical probe chronically implanted above the unilateral right midbrain (1 probe per region and per animal). Short pulses (10 ms) of photostimulation evoked optogenetically identified multi-unit activity in glutamatergic and cholinergic CnF and PPN neuronal populations targeted in the anesthetized mouse ( Figures 1C and 1D ). The number of spikes increased as a function of laser power in all three neuronal populations ( Figure 1E ). The firing frequency sustained as a function of stimulation frequency ( Figure 1F ) up to 40 Hz in glutamatergic CnF neurons and up to 20 Hz in glutamatergic and cholinergic PPN neurons prior to decreasing beyond that frequency (Figure S2 ), thus supporting a robust spike fidelity up to 20 Hz in all populations. Although the number of spikes tended to decrease over time in response to long trains of photostimulation of cholinergic PPN neurons at 20 Hz and beyond ( Figures 1F  and S2 ), the total number of spikes and their spike adaptation were not significantly different from glutamatergic CnF or PPN neurons upon long pulses or long trains of photostimulation (Figure 1G, [19, 20] , our results support that 20 Hz stimulation would be an ideal frequency for inducing motor movements and locomotion.
Glutamatergic Neurons Evoked Short-Latency Motor Responses, whereas Cholinergic Neurons Evoked LongLatency Motor Responses in the Mouse at Rest Motor movements were videotaped with high-speed cameras, and electromyographic (EMG) responses of the ankle flexor tibialis anterior (TA), the knee flexor semitendinosus (ST), the ankle extensor gastrocnemius lateralis (GL), and the knee extensor vastus lateralis (VL) were recorded upon photostimulation in the freely behaving mouse at rest and during locomotion (Figures 2, 3, 4 , 5, and 6). In virally transfected mice at rest ( Figures 2B1 and 2B2 ), short photostimulations (10-ms pulse duration) of glutamatergic-expressing CnF or PPN neurons evoked short-latency excitatory motor responses in about 15 ms in both flexor and extensor muscles ( Figure 2E ).
As illustrated by the net integrated amplitude of motor responses evoked in pairs of antagonist flexor versus extensor muscles ( Figure 2C1 ), both glutamatergic CnF and PPN neurons evoked the strongest motor responses in flexor muscles rather than extensors, with the strongest changes in virally transfected mice ( Figures 2C1 and 2C2 ), thus arguing a fast and strong glutamatergic drive on flexor-related activity. Similarly, glutamatergic neurons also evoked the strongest motor changes in cholinergic staining (ChAT in green). Glutamatergic neurons transfected with the virus express the red fluorescent protein (mCherry or red); cholinergic PPN neurons were identified by ChAT immunostaining (green). Outlines show the anatomical landmarks used to delineate the nuclei and the cannula implantation site (white). The scale bar represents 500 mm. (B) (Top) Genetic construction for VGluT2-CRE or ChAT-CRE 3 Ai32-ChR2-YFP mice. (Bottom) Example of low-magnification images in bright field (left) shows the tip of the optical cannula at the level of the midbrain of a ChAT-CRE 3 Ai32-ChR2-YFP mouse and high-magnification images of cholinergic staining in red (right). Outlines show the anatomical landmarks used to delineate the nuclei and the cannula implantation site (white). The scale bar represents 500 mm. Statistical differences for the number of spikes and the ratio of spikes (n = 5 VGluT2-CRExAi32+CnF, (Figure 2E) , with the strongest motor changes in extensor muscles at the expense of flexors ( Figures 2C2 and 2D2 ), thus suggesting a slow but strong drive on extensor-related activity. Concerning pairs of ipsilateral versus contralateral homologous muscles ( Figure S3 ), glutamatergic CnF neurons induced a strong drive in the ipsilateral flexor in virally transfected mice, whereas the other glutamatergic neuronal populations evoked a slight bias toward the contralateral flexor muscle ( Figure S3A for ipsi-versus contralateral flexor muscles and Figure S3B for ipsi-versus contralateral extensor muscles). In summary, short photostimulations of the midbrain evoked a strong motor drive in the mouse at rest, with glutamatergic neurons having a stronger and faster drive on flexor muscles and cholinergic neurons having a stronger but slower drive on extensor muscles.
Glutamatergic CnF Initiates Locomotion
Given some functional differences in their motor responses in the animal at rest, we further assessed the capacity of these potentially distinct neuronal populations to initiate locomotion using trains of photostimulation in physiological ranges (10-ms pulse duration at 20 Hz for 1 s). As illustrated by the intralimb coordination, joint movements, EMG traces, and gait diagrams in Figure 3 , glutamatergic CnF stimulation induced locomotion in virally transfected and crossed transgenic mice by increasing the motor and postural tone prior to initiating a short bout of locomotion with a proper alternation between flexor and extensor hindlimb muscles ( Figure 3D1 ; Movie S1; Figures S4A and S4B for a high magnification of the Figure 3D1 and Figure S4C for VGluT2-Ai32 crossed transgenic mice). In line with their phasic motor responses evoked in flexor and extensor muscles upon short pulses of photostimulation in the mouse at rest (Figure 2B2) , glutamatergic PPN neurons evoked a phasic motor activity locked to the stimulation frequency in virally transfected mice ( Figure 3D2 ; Movie S1), but they failed to initiate locomotion. As with short pulses ( Figure 2B3 ), long trains of stimulation of cholinergic PPN neurons had little effect, except for increasing the motor tone in hindlimb extensor muscles ( Figure 3D3 ).
Regarding the histological reconstruction ( Figures 3A and 3B ), all stimulation sites evoking locomotion were restricted within the glutamatergic CnF, whereas most sites located more ventrally within the glutamatergic or cholinergic PPN failed to initiate locomotion. Nevertheless, the most dorsal PPN sites evoked locomotion in crossed transgenic mice ( Figures 3A, 3F , and S4C2; n = 5 out of 7 PPN sites in VGluT2-cre;Ai32-ChR2 mice). Given the close anatomical proximity between the CnF and the dorsal PPN, and the light scattering from the tip of the optical probe, an indirect activation of ChR2-expressing CnF neurons while targeting the PPN could explain, in part, this effect in crossed transgenic mice, thus recapitulating to some extent the locomotor initiation previously reported upon electrical stimulations of the dorsal PPN in decerebrated animals [9] .
Assuming a potential depolarizing block of the PPN, we also tested whether modulating the laser power could induce locomotor initiation in virally transfected mice. Again, both glutamatergic and cholinergic PPN neurons failed to initiate or evoke episodes of locomotion, whereas increasing the laser power in glutamatergic CnF neurons increased the maximal locomotor speed ( Figure 3E ; data not shown for ChAT-CRExAi32-ChR2). Therefore, in contrast to all other neuronal populations and recent optogenetic studies [19, 20] , our results argue that solely the glutamatergic CnF was capable of enhancing motor and postural tone and of initiating locomotion.
Short Photostimulations of Midbrain Neurons Modify the Locomotor Pattern
We next assessed the functional contribution of these neuronal populations to the locomotor pattern during locomotion at a steady speed. Short photostimulations (10-ms pulse duration) were delivered during treadmill locomotion at the threshold laser intensity in virally transfected and crossed transgenic mice (Figure 4) . To assess changes in motor efficacy relative to the level of (legend continued on next page) muscle activity, the step cycle was divided into five equal epochs, synchronized on the ipsilateral right tibialis anterior (RTA), as a proxy of the hindlimb's swing phase ( Figure 4A ). Short photostimulations of glutamatergic PPN neurons evoked shortlatency excitatory motor responses in the ipsilateral flexor muscle during the swing and stance phases ( Figure 4B2 ; RTA) but inhibitory ones in the ipsilateral extensor ( Figure 4B2 ; RGL). To quantify changes in the motor efficacy according to the locomotor phase, the amplitude of motor responses was normalized on the absolute value of the maximal motor response of each individual muscle throughout the step cycle ( Figure 4C ). Upon short photostimulation of the glutamatergic PPN ( Figures 4C and 4D) , excitatory motor responses were overall the highest in flexors during the stance phase when the muscle was relaxed (+100% in red) and minimal during the swing phase when the muscle was active (0% in green), whereas inhibitory motor responses were the lowest in extensors when they were active (À100% in blue).
In contrast, although short photostimulations of glutamatergic CnF neurons evoked short-latency excitatory motor responses in ipsilateral flexor muscles throughout the step cycle and especially during the swing phase ( Figures 4B1 and 4C) , they also evoked short-latency excitatory motor responses in ipsilateral extensor muscles, with the highest increases during the stance phase when these muscles were active ( Figure 4D ).
As shown in examples ( Figure 4B ), short photostimulations also evoked robust motor responses in contralateral hindlimb muscles according to neuronal populations targeted, with similar latencies to ipsilateral ones during their contraction phase (data not shown), thus demonstrating a descending bilateral facilitation of glutamatergic CnF and PPN populations. Such a phase dependency of motor responses throughout the step cycle argues for a gating of descending supraspinal inputs by the spinal locomotor circuit.
Interestingly, short photostimulations of either glutamatergic CnF or PPN neurons evoked a similar and more stereotyped locomotor pattern in crossed transgenic mice, although the CnF evoked weaker motor decreases in extensors than the PPN ( Figures 4C and 4D ), in line with a less specific recruitment of neuronal populations.
In contrast, short photostimulations of cholinergic PPN neurons failed to evoke short-latency motor responses ( Figures  4B3 and 4C ) but increased the duration of the extensor burst (as well as the stimulated step cycle duration) by 15%-30% in crossed transgenic mice ( Figure S5 ; see next section about their effects on locomotor rhythm). This is consistent with long-latency motor responses evoked in bilateral extensor muscles in the resting mouse ( Figures 2C2 and 2D2 ), advancing the hypothesis that cholinergic PPN neurons modulate locomotor pattern by prolonging the extension phase. In summary, whereas glutamatergic CnF neurons increased excitatory drive on bilateral flexor and extensor muscles, and glutamatergic PPN neurons evoked a bilateral facilitation in flexors and a robust inhibition in extensors during locomotion, cholinergic PPN neurons appear to prolong the stance phase. Thus, our results suggest distinct locomotor commands onto the spinal locomotor circuit originating from these different neuronal midbrain populations.
Long Photostimulations Reset the Locomotor Rhythm during Locomotion
Using long pulses of photostimulation, we next assessed whether these distinct neuronal populations can reset locomotor rhythm during treadmill locomotion. Given that stride duration ranges from 200 to 330 ms at a treadmill speed of 15-25 cm/s, we set the duration of long photostimulations to 50 ms to alter about 25%-30% of the ongoing step cycle duration, without directly affecting the subsequent step cycles ( Figure 5A ). We also used a similar laser intensity to the one used for short photostimulations at rest and during locomotion (Figures 2, 3 , and 4), in order to activate the same neuronal pool in each individual mouse. As shown by their EMG activity ( Figure 5B1 ) and normalized data for an individual mouse ( Figure 5C1 ) and averaging from each mouse ( Figures 5C2 and 5D ), 50-ms photostimulations of glutamatergic CnF neurons decreased the stimulated and subsequent step cycles by shortening the duration of the ongoing extensor burst and advancing the onset of the next flexor burst in a smooth and rhythmic way, thus resetting and accelerating the locomotor rhythm. In comparison, long photostimulations of glutamatergic PPN neurons increased step cycle duration by prolonging the duration of the extensor burst and by delaying the onset of the next flexor burst ( Figures 5B2, 5C2 , and 5D), thus resetting and slowing down the locomotor rhythm. Similar to the glutamatergic PPN, and in agreement with their long-latency motor responses in the resting mouse ( Figure 2B3 ), long photostimulations of cholinergic PPN neurons also increased extensor burst duration ( Figures 5C2 and 5D ). In summary, our study shows that the glutamatergic CnF accelerates locomotor rhythm, whereas the glutamatergic PPN, and to a lesser extent the cholinergic PPN, slow down locomotion. (Figures 6A and 6B1 ; Movie S2), long photostimulations (long trains of 10-ms pulse duration at 20 Hz for 1 s) of glutamatergic CnF neurons increased motor and postural tone, the angular excursion of the hindlimbs' joints, the height of the iliac crest, as well as the stride height and length. As previously shown [28, 29] , using the interlimb coupling, the footfall pattern, and the duty cycle of the stance phase, it is possible to identify and characterize locomotor gaits. In addition to changing the intralimb kinematics (bottom panel of Figure 6B1 ), long photostimulations of glutamatergic CnF neurons also changed inter-limb coordination from a trot (color-coded in blue in Figure 6B1 ) to a transverse gallop (color-coded in yellow in Figure 6B1 ). The color-coded stacked histogram of gait occurrence shows that the trot, the most comfortable gait used by mice at a treadmill speed of 30 cm/s ( Figure 6C1 ), dropped from 80% to 40% upon photostimulation of the glutamatergic CnF in favor of running gaits, such as rotary gallop (orange), transverse gallop (yellow), half bound (orange), and full bound (red), the fastest running gait in quadrupeds. Note that the occurrence of running gaits was consistent and robust from trial to trial and between mice ( Figure S6 for individual gait analysis). As with electrical stimulations [30] , increasing the laser power increased locomotor speed ( Figures 6D1, 6E3 , and S7) and increased the occurrence of running gaits ( Figure 6E4 ). In contrast to glutamatergic CnF, long trains of photostimulations of glutamatergic PPN neurons induced a deceleration of the locomotor speed ( Figure 6B2 ; Movie S2) with a phasic response in flexor muscles but no effects in extensors, translating into an increase in the stance phase duration, a decrease in the height of the iliac crest, and in the angular excursion of the hindlimb's joints ( Figure 6B2 ). Increasing the laser power decreased the locomotor speed ( Figures 6D2 and 6E ) and induced transition of gaits, such as an out-of-phase walk and eventually locomotor arrests ( Figures 6C2 and 6E) .
In comparison to these glutamatergic neuronal populations, long trains of photostimulations of cholinergic PPN neurons had very little effect on the transition of gaits (Figures 6C3 and 6E): although they reduced locomotor speed, this did not reach significance ( Figure 6D3 ). Taken together, our results argue that glutamatergic CnF neurons increased locomotor speed and induced running gaits, whereas glutamatergic PPN neurons decreased locomotor speed, thus contributing to slow-walking gaits and eventually locomotor arrests.
Long Photoinhibitions of the Glutamatergic PPN Stop Locomotion
Having demonstrated the ability of these neuronal midbrain populations to modulate locomotor pattern, rhythm, and gait in different ways, we next wanted to determine their necessity using halorhodospin 3.0, a yellow-driven chloride pump ( Figure 7A ) [31] . All photoinhibited sites were confirmed histologically ( Figures 7B and S1C) . Given that the effects were not immediate, we focused on the second step post-inhibition, corresponding to the first step cycle inhibited for its entire duration. As illustrated by our kinematic and motor analysis (Figure 7C ; Movie S3), long photoinhibitions of glutamatergic PPN neurons robustly increased the duration of the step cycle and the extensor burst, thus contributing to slowing down and locomotor arrests ( Figures 7C2 and 7D ). Although photoinhibitions of glutamatergic CnF neurons or cholinergic PPN neurons also increased the step cycle and extensor burst duration, they rarely stopped locomotion ( Figures 7C1, 7D2, and 7E) . Interestingly, among all glutamatergic neuronal populations, the glutamatergic PPN evoked the strongest inhibitory effects on the locomotor step cycle and the extensor burst duration, reaching 150%-200% increases in the pre-stimulus value following photoinhibition, and could even stop locomotion in up to 45% of trials ( Figure 7E ). Nevertheless, all neuronal populations increased the duty cycle of the stance phase ( Figure 7G ), thus suggesting that they are all necessary for maintaining locomotion at least at slow and moderate walking speed.
DISCUSSION
Given its position at the interface of the cortex and spinal cord circuits, the midbrain locomotor region can play a key role by integrating and processing sensory, cognitive, and limbic inputs and translating this information into a motor command adapted to our current environment [32] . However, whereas electrical stimulations of this functional region can initiate and modulate locomotion, less is known about its presumed anatomical 
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Step cycle duration Flexor burst duration Extensor burst duration correlates, the CnF and the PPN, and its excitatory neurotransmitter phenotypes, glutamatergic and cholinergic. We aimed here to investigate the functional contribution of these distinct neuronal populations to the motor and locomotor command. Combining kinematic analysis and electrophysiological recordings with discrete optical manipulations, our study reveals that the glutamatergic CnF initiates locomotion, increases the descending drive onto flexor and extensor muscles, and accelerates locomotor rhythm, thus giving rise to running gaits. In contrast, the glutamatergic PPN, and to some extent its cholinergic population, exhibit a different effect on locomotor pattern and rhythm, contributing to slow-walking gaits and locomotor arrests. Our findings show that these supraspinal pathways originating from the mesencephalic locomotor region contribute differently to motor and locomotor command.
Methodological Considerations
One of the main challenges in the identification of the anatomical correlates of the mesencephalic locomotor region is to delineate properly the CnF from the PPN. According to previous anatomical studies and the Paxino's atlas [25] [26] [27] , whereas the PPN can be easily identified by its cholinergic expression, we identified the CnF as the region circumscribed by the inferior colliculus dorsally, the periaqueductal gray medially, the lateral lemniscus laterally, and the cholinergic-expressing PPN ventrally. Although our functional study was limited to one site per animal, our kinematic and EMG recordings allowed us to monitor functional changes in several hindlimb muscles in freely behaving mice upon discrete optical manipulations circumscribed within either the glutamatergic CnF or cholinergic or glutamatergic PPN. These EMG recordings enabled us to monitor at a high spatiotemporal resolution motor changes that could not have been addressed with a sole kinematic analysis, whereas photostimulations were set at the minimum laser irradiance to evoke motor transients in most of our experiments, thus preventing any gross changes in behavior or locomotor gait.
Some PPN neurons have been reported to co-express and release glutamate and acetylcholine [14] . Although this population is very small, with only a few cells per nucleus, suggesting a main cholinergic drive upon optical stimulation of the cholinergic PPN, it will be important to further assess the functional contribution of this subpopulation using intersectional and subtractive genetic strategies [33] .
Calculations derived from brain measurements [34] suggest that irradiance at 1 mm depth has already decreased by 99%. Although we cannot exclude a potential recruitment of the surrounding tissue, photostimulation (or photoinhibition) was likely restricted to the area around the tip of the optical probe. Supporting this conclusion, we found very distinct locomotor effects upon photostimulation of either the glutamatergic CnF or the PPN but also between the glutamatergic and the cholinergic PPN. And although these functional effects changed as a function of the stimulation frequency and laser power, they were still specific to the site stimulated in both virally transfected and crossed transgenic mice. Furthermore, we also found that increasing the laser power delivered to the glutamatergic CnF invariably increased locomotor speed and induced running gaits, whereas varying the laser power delivered around the threshold to either the glutamatergic or cholinergic PPN invariably slowed down the locomotor rhythm and stopped locomotion without any post-stimulation rebound. Therefore, this excludes the possibility of a depolarizing block or an increasing stimulation efficacy and rather argues the existence of distinct functional dynamics associated with these neuronal populations.
Initiation of Locomotion
Standing is a prerequisite to locomotor initiation. In the resting mouse, short photostimulations of all glutamatergic CnF or PPN neurons evoked short-latency motor responses, especially strong in flexor muscles, whereas cholinergic PPN neurons evoked long-latency motor responses preferentially in extensor muscles, thus contributing to motor movements by increasing the motor and likely postural tone. Similar to findings from previous electrical stimulations [9] or optogenetic studies targeting the midbrain region with large volume of AAV-ChR2 (300-500 nL) [19, 20] , our kinematic and motor analysis showed that long trains of photostimulations at 20 Hz delivered above the dorsal glutamatergic PPN, but not the cholinergic PPN, initiated locomotion in crossed transgenic mice. However, using smaller volume injections of AAV-ChR2 (100 nL) in virally transfected mice, our results revealed that solely the glutamatergic CnF enhanced motor and postural tone and initiated locomotion, thus supporting the conclusion that the glutamatergic CnF is the primary supraspinal locomotor center to initiate locomotion.
Modulation of the Locomotor Pattern and Rhythm
Our different patterns of photostimulations and inhibitions revealed some discrepancy in the descending motor drive, locomotor rhythm, and transitions of gaits, suggesting a fine-tuning of the locomotor command according to neuronal populations targeted.
Long photostimulations of the glutamatergic CnF increased locomotor rhythm, leading predominantly to running gaits, such as gallops and bounds; conversely, long photoinhibitions decelerated locomotor rhythm by lengthening the duration of the extensor motor activity, giving rise to slow-walking gaits. Given that short photostimulations of the glutamatergic CnF increased the descending excitatory drive onto both flexor and extensor muscles during ongoing locomotion, it is tempting to hypothesize that this synergistic co-activation of antagonist (C) Example of step cycle duration and flexor and extensor burst duration normalized on the pre-stimulus values following long photostimulations of the glutamatergic CnF using a virally transfected mouse (C 1 ). Color-coded matrices of the step cycle duration and flexor and extensor burst duration normalized on the pre-stimulus values following long photostimulations of the glutamatergic CnF, PPN, or cholinergic PPN using virally transfected (AAV-ChR2) and crossed transgenic (Ai32-ChR2) mice (C 2 ) are shown. (D) Mean and SEM of the normalized step cycle duration and extensor burst duration of virally transfected (AAV-ChR2) and crossed transgenic (Ai32-ChR2) mice. Statistical differences between groups are shown (n = 5 VGluT2-CRE+AAV-ChR2+CnF, 4 VGluT2-CRE+AAV-ChR2+PPN, 6 VGluT2-CRExAi32-ChR2+CnF, 7 VGluT2-CRExAi32-ChR2+PPN, and 5 ChAT-CRExAi32-ChR2+PPN; statistical differences were tested with a Wilcoxon signed rank test for a theoretical value of 0; *p % 0.005; **p % 0.001; ***p % 0.0001). muscles could contribute to propelling the animal forward by enhancing its muscle tone. Such a behavioral response has been previously reported upon chemical or electrical stimulations in the vicinity of the CnF in freely behaving animals [21, 35, 36] , inducing frantic locomotion, explosive jumps, and escape reactions [37] , thus supporting the idea that the glutamatergic CnF could be involved in flight reaction to escape unexpected perturbations or predators in a wild environment [38, 39] . In contrast, long pulses of photostimulation of either glutamatergic or cholinergic PPN neurons decelerated locomotor rhythm by increasing the duration of the extensor activity without significantly affecting the flexor motor output. Indeed, short pulses of photostimulation delivered above the glutamatergic PPN also induced an antagonist activation between flexor and extensor muscles. Moreover, long trains of photostimulation delivered at 20 Hz triggered a stereotyped motor pattern following the stimulation, with a short latency increase in flexor muscles followed by a long latency increase in extensor muscles, which never translated into a higher locomotor frequency in contrast to previous electrical and optogenetic studies [19, 20, 40] .
Similar to photostimulations, but counterintuitively, long photoinhibitions applied to the glutamatergic PPN also decelerated the locomotor rhythm by increasing the step cycle duration and the extensor burst duration during treadmill locomotion, leading eventually to locomotor arrests at the suprathreshold. Given their short distance, it is possible that our photoinhibition studies in targeting the glutamatergic PPN might have also inhibited a portion of the medial nucleus reticularis pontis oralis, which relays PPN inputs and contributes to the postural tone [9, 41] , though inhibition of both glutamatergic and cholinergic PPN failed to decrease the postural tone.
Alternatively and more likely, it is also possible that the simultaneous recruitment of ascending and descending collaterals of the PPN might impair locomotion [16, [42] [43] [44] . In support of that possibility, PPN neurons discharge with a tonic and phasic pattern during goal-directed locomotion in non-human primates [45] and freely behaving mice [46] , and stimulation of ascending PPN collaterals to the dopaminergic ventral tegmental area or substantia nigra increases locomotor activity in open field [47] [48] [49] . Although there are no studies regarding descending PPN collaterals, there is indirect evidence from their postsynaptic brainstem circuits, which inhibit locomotion in response to their neural activation in freely behaving mice [50, 51] and in decerebrated animal preparations [52] . Therefore, photostimulation of the PPN might slow down locomotion by recruiting brainstem circuits decreasing locomotor functions, whereas long photoinhibitions could prevent goal-directed locomotion by shutting down the tonic drive of ascending collaterals of the PPN on the dopaminergic striatum. Further electrophysiological studies will be necessary to decipher how the rostral and caudal parts of the PPN act precisely on these downstream circuits during basic and goal-directed locomotion.
In sharp contrast with a recent study reporting locomotor acceleration upon photoactivation of cholinergic PPN neurons in headrestrained mice [19] , we found that activation of the cholinergic PPN had little effect on locomotor speed and gait. Nevertheless, short photostimulations (50 ms) reset the locomotor rhythm and long photoinhibitions slowed down walking speed. In line with our findings, blocking the synaptic transmission of cholinergic PPN and laterodorsal tegmentum neurons impairs posture and balance and increases step frequency during rotarod and catwalk locomotion [53] , therefore supporting the functional contribution of cholinergic PPN neurons to locomotor speed.
Potential Postsynaptic Brainstem Targets of the Mesencephalic Locomotor Region
Although there is abundant literature on the postsynaptic brainstem targets recruited by electrical stimulation of the midbrain (for review, see [54] ), less is known about their neurotransmitter phenotype. As recently reported, genetically identified glutamatergic Chx10 neurons of the gigantocellular reticular nucleus (GRN) express C-FOS (a cell activity marker) following an episode of locomotion [55] , and long photostimulations (80-500 ms) of either Chx10 or glutamatergic GRN neurons can induce a pause during overground or treadmill locomotion [50, 51] , thus suggesting that the glutamatergic PPN could slow down and stop locomotion through recruitment of the glutamatergic GRN. Furthermore, electrical, pharmacological, and optical stimulations, as well as cooling and lesion studies, have clearly identified the importance of the ventral aspect of the medullary reticular formation to locomotion [21, [35] [36] [37] [56] [57] [58] ; nevertheless, it is only recently that the serotonergic parapyramidal region and the glutamatergic lateral paragigantocellular nucleus have been identified as important brainstem relays of the mesencephalic locomotor region for initiating and accelerating locomotion [59] [60] [61] . Further studies using intersectional and subtractive genetics will be necessary to uncover the neuronal populations of the pontomedullary reticular formation integrating midbrain inputs pertaining to motor control and locomotion [33] .
Clinical Implication
Over the last decade, the PPN has been proposed as an alternative deep brain stimulation (DBS) target for people with Parkinson's disease who are refractory to pharmacological treatments. Although PPN stimulation improves gait and postural adjustments in some advanced Parkinson's disease patients, the functional outcomes have been extremely variable across clinical studies [62] [63] [64] . Such variability, also reported in 6-OHDAtreated rodents [65] , suggests that the PPN might not be the best target for improving locomotor functions in these patients. Although the most effective site for inducing locomotion was found to be the CnF and the dorsal part of the PPN [5, 8, 9, 21, 40] , our results argue that the glutamatergic CnF might be a better therapeutic target for initiating locomotion and potentially treating akinesia in Parkinson's disease.
In addition, co-contraction is one of the hallmarks of Parkinson's disease [66] [67] [68] [69] and dopaminergic treatment decreases the activity in flexor muscles and consequently the rigidity in Parkinson's patients [70] . Interestingly, our results show that glutamatergic CnF neurons have a preferential access onto both flexor and extensor locomotor circuits in comparison to glutamatergic and cholinergic PPN neurons. Given the increased number of activated neurons in the CnF in a mouse model of Parkinson's disease [71] , cell atrophy and death in the cholinergic PPN in Parkinson's disease patients [72] [73] [74] [75] , and the fact that cholinergic denervation seems to predict gait impairment more accurately than dopaminergic denervation alone [76] , our results suggest that the co-contraction and rigidity in Parkinson's disease might be due to an unbalanced activity between the CnF and PPN.
More recently, electrical stimulation of the midbrain locomotor region has been reported to improve functional locomotor recovery in rodent models of spinal cord injury, even with very limited spared white matter [77, 78] . With current and ongoing clinical trials assessing the midbrain locomotor region as a brain target for improving locomotor gait in Parkinson's disease and incomplete spinal cord injury patients [79] , our study stresses the importance of carefully choosing neuronal targets according to the expected functional locomotor outcome.
Conclusions
In summary, our locomotor study reveals distinct neuronal populations in the midbrain, which by their specific phasic or tonic effects can adapt postural adjustments and locomotor commands in the freely behaving mouse. By their subtle motor control, both glutamatergic and cholinergic PPN could modulate slow-walking gait, whereas the glutamatergic CnF would more likely contribute to flight reaction to escape predators by triggering running gaits.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (F) Mean and SEM of the normalized step cycle and extensor burst duration of crossed transgenic (Ai39-NpHR3) mice at the maximal change (corresponding to the first step cycle fully inhibited). Group difference from a theoretical value of 100 was tested with a Wilcoxon signed rank test.
Step cycle duration is as follows: VGluT2-CRExAi39-NpHR3.0+CnF (n = 5; p = 0.006); VGluT2-CRExAi39-NpHR3.0+PPN (n = 4; p < 0.0001); and ChAT-CRExAi39-NpHR3.0+PPN (n = 4; p = 0.0007). Extensor burst duration is as follows: VGluT2-CRExAi39-NpHR3.0+CnF (n = 5; p = 0.0011); VGluT2-CRExAi39-NpHR3.0+PPN (n = 4; p < 0.0001); and ChAT-CRExAi39-NpHR3.0+PPN (n = 4; p = 0.0044).
(G) Mean and SEM of the duty cycle of the stance phase evoked upon long pulses of photoinhibition. Statistical differences from the pre-stimulus control baseline and between groups were tested by Mann-Whitney test for VGluT2-CRExAi39-NpHR3.0+CnF (n = 3; p = 0.0406), VGluT2-CRExAi39-NpHR3.0+PPN (n = 2; p = 0.0268), and ChAT-CRExAi39-NpHR3.0+PPN (n = 3; p = 0.0048). *p % 0.005; **p % 0.001; ***p % 0.0001. See also Movie S3. 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Frederic Bretzner (frederic.bretzner.1@ulaval.ca).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
VGluT2-IRES-Cre (RRID: IMSR_JAX:016963), ChAT-IRES-Cre (RRID: IMSR_JAX:006410), Ai32 (RCL-ChR2(H134R)/EYFP, RRID: IMSR_JAX:024109), Ai39 (RCL-eNpHR3.0/EYFP, RRID: IMSR_JAX:014539) mouse strains were maintained on a mixed genetic background (129/C57Bl6). Adult (R60 days) weighing approximately 30 g were used randomly in this study regardless of their sex. Before experiments, mice were housed in groups of maximum 5 per cage. After surgery, they were housed alone to avoid implant damaging. AAV2/9 EF1-DIO-hChR2(H134R)-mCherry [50] was injected in VGluT2-IRES-Cre or ChAT-IRES-Cre mice to induce a restricted cre-lox recombination. Housing, surgery, behavioral experiments, and euthanasia were performed in compliance with the guidelines of the Canadian Council on Animal Care and approved by the local committee of Universit e Laval (CPAC-CHUL).
METHOD DETAILS Surgery
Under isoflurane (1,5%-2% O 2 ) anesthesia, the mouse was installed in a stereotaxic frame, a craniotomy was performed for chronic implantation of an unilateral optical fiber (diameter: 200mm) above the nucleus of interest: the cuneiform nucleus (CnF; anteroposterior from the Bregma (AP), À4.6 to À4.9 mm; mediolateral (ML), 1.2 to 1.4 mm; depth, 2.2 to 2.7 mm), the pedunculopontine nucleus REAGENT 
